Heteronuclear molecules in an optical dipole trap 
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We report on the creation and characterization of heteronuclear 40 K 87 Rb Feshbach molecules in 
an optical dipole trap. Starting from an ultracold gas mixture of 40 K and 87 Rb atoms, we create 
as many as 25,000 molecules at 300 nK by rf association. Optimizing the association process, we 
achieve a conversion efficiency of 25%. We measure the temperature dependence of the rf association 
process and find good agreement with a phenomenological model that has previously been applied 
to Feshbach molecule creation by slow magnetic-field sweeps. We also present a measurement of the 
binding energy of the heteronuclear molecules in the vicinity of the Feshbach resonance and provide 
evidence for Feshbach molecules as deeply bound as 26 MHz. 

PACS numbers: 37.10.Pq, 05.30.Jp, 05.30.Fk 
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I. INTRODUCTION 

Magnetic-field tunable Feshbach resonances in ultra- 
cold atomic gases provide a unique tool for the effi- 
cient conversion of ultracold atoms into weakly bound 
diatomic molecules Most studies of Feshbach 

molecule formation have been performed using single- 
species atomic gases. However, heteronuclear molecules 
have bright prospects as quantum gases with long- 
range anisotropic interactions as quantum bits for 
novel quantum computation schemes [3(, and as sensi- 
tive probes for precision measurements [1, U @] . These 
applications make use of the fact that a heteronuclear 
molecule can have an electric dipole moment. 

Production of ultracold, polar molecules presents sig- 
nificant technical hurdles because of the rich internal 
molecular structure. Although there are other methods 
of creating ultracold polar molecules @, H H EE, EL E2| , 
one strategy is to start from a nearly quantum degen- 
erate atom gas and associate the atoms into molecules 
using time-dependent magnetic fields in the vicinity of a 
Feshbach resonance [U, EI EE EE E3, El EE EE El El . 
These Feshbach molecules have the advantage of start- 
ing in a single internal state at ultralow temperature. 
However, they are extremely weakly bound and there- 
fore do not have a significant electric dipole moment. 
It may be possible to employ coherent optical trans- 
fer schemes EH to transfer these molecules into a more 
deeply bound state and thus create an ultracold sample 
of polar molecules [24| . 

Creation of 40 K 87 Rb Feshbach molecules was recently 
reported by Ospelkaus and co-workers [25] . In that work, 
the atoms were confined in a 3D optical lattice potential 
with precisely one atom pair per site. Confinement in 
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an optical lattice has two advantages. First, the tight 
confinement of a pair of atoms in each lattice site meant 
that the initial motional state of each atom pair was the 
ground state of the trapping potential at that site. Mag- 
netoassociation can then proceed by driving a transition 
between two well defined quantum states. Second, con- 
finement of the atoms and molecules in the optical lattice 
protected the Feshbach molecules from collisions. This 
protection is important because the extremely weakly 
bound molecules can suffer heating and loss through in- 
elastic collisions that cause vibrational quenching. 

In this article, we report on the creation of fcrmionic 
heteronuclear 40 K 87 Rb Feshbach molecules in a far- 
detuned optical dipole trap. In this relatively weak trap, 
the atoms start in a near-continuum of motional states, 
and furthermore, atoms and molecules are free to col- 
lide. Surprisingly, without using confinement in an op- 
tical lattice, we find similar overall efficiency in the ra- 
dio frequency (rf) association of ultracold heteronuclear 
molecules and can create 25,000 molecules at a temper- 
ature of about 300 nK. We study the association process 
and present a measurement of the magnetic-field depen- 
dent binding energy of the Feshbach molecules. Com- 
pared to previous results [25|, we extend our measure- 
ments to magnetic fields much farther from the Fesh- 
bach resonance and also discuss basic properties of the 
molecules such as their size and quantum state compo- 
sition. These results, as well as our recent study of the 
collisional stability of these molecules [2^|, can provide 
a starting point for future experiments that will produce 
polar molecules by driving Feshbach molecules to more 
deeply bound states. 

The paper is organized in the following way: In Sec- 
tion II, we discuss the preparation of a near quantum 
degenerate Fermi-Bose mixture of 40 K and 87 Rb atoms. 
In Section III, we present studies of molecule production 
using rf magnctoassociation. We look at the tempera- 
ture dependence of the association process and compare 
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our results to a simple phcnomcnological model. In Sec- 
tion IV we discuss measurements of the properties of the 
molecules such as their thermal energy and trapping fre- 
quency. In Sections V and VI, we present measurements 
of the magnetic-field dependent binding energy of the 
heteronuclear molecules and compare our experimental 
results to a coupled-channel calculation. Knowledge of 
the binding energy allows us to predict basic properties 
of the molecules such as their size and their open and 
closed channel fractions. 



II. PRODUCTION OF AN ULTRACOLD 
FERMI-BOSE ATOM MIXTURE 

Efficient association of ultracold atoms into molecules 
near a magnetic-field Feshbach resonance requires an ul- 
tracold atom gas near quantum degeneracy [23] . We use 
a two-species vapor-cell magneto-optical trap (MOT) to 
initially cool and trap fermionic 40 K atoms and bosonic 
87 Rb atoms, similar to ref. (28[. After loading the MOT, 
the atoms are transferred into a movable quadrupolc 
magnetic trap for delivery to a differentially pum ped , 
ultra-low pressure section of the vacuum chamber [29(. 
Here, the atoms are transferred into a Ioffe-Pritchard 
type magnetic trap for evaporative cooling. This trap 
provides harmonic confinement with axial and radial trap 
frequencies for Rb of 20 Hz and 156 Hz, respectively. 
Forced microwave evaporation, which drives a hypcrfinc 
spin-flip transition, is used to directly cool the Rb gas, 
which in turn sympathetically cools the K gas. 

Controlling the atoms' spin states is important for col- 
lisional stability of the two species mixture. Before load- 
ing the quadrupolc magnetic trap, the atoms are optically 
pumped into the stretched states, which experience the 
largest trapping force. These are the |2, 2) and 1 9/2, 9/2} 
states for Rb and K, respectively, where /, nif) denotes 
the quantum state of the atom having total atomic spin, 
/, and projection along the local magnetic-field direction, 
rrif. To remove any Rb atoms remaining in other spin 
states, the atoms are loaded into the quadrupole mag- 
netic trap with a gradient of 20 G/cm along the vertical 
direction. Rb atoms in states other than the stretched 
states are not supported against gravity and are thus fil- 
tered out. We also find that our evaporation efficiency 
for K atoms improves significantly if we continuously re- 
move any Rb atoms in the |2, 1) state. For this, we apply 
a fixed microwave frequency tuned to the |2, 1) — > |1, 0} 
transition frequency for atoms at the trap center. 

We start with 10 9 Rb atoms and 10 7 K atoms in the 
magnetic quadrupole trap, and after evaporation in the 
Ioffe-Pritchard magnetic trap we have 5 x 10 6 Rb and 
1 x 10 6 K atoms at 3 fiK. These atoms are loaded into a 
far-off-resonance optical dipole trap with a 50 /im waist 
derived from a single-frequency fiber laser operating at 
a wavelength of 1064 nm. Once the optical dipole trap 
is loaded and the magnetic trap is turned off, we use rf 
adiabatic rapid passage to transfer the atoms into the 



1 1 , 1 ) and 1 9/2 , — 7/2) states of Rb and K, respectively. 
The gases are then simultaneously evaporated at a field 
of B=540 G by lowering the optical power in the trapping 
beam until 3 x 10 5 Rb at T/T c ~ 1.1 and 1 x 10 5 K at 
T/Tp ~ 0.6 remain. T c is the critical temperature for the 
onset of Bosc-Einstcin condensation (BEC) and Tp is the 
Fermi temperature. At the end of the optical trap evap- 
oration we adiabatically increase the optical trap power 
until the measured radial trapping frequencies arc 211 
Hz and 136 Hz for K and Rb, respectively and the tem- 
perature is 150 nK. We calculate that gravitational sag 
causes the in-trap center positions of the Rb and K to 
be separated by 8 /Ltm. The calculated trap depths are 
1.1 fiK for Rb and 2.8 fiK for K. 

We extract the number and temperature of the atoms 
from time-of- flight, resonant absorption images. The gas 
is suddenly released from the trap and allowed to expand 
before imaging. Using a resonant light pulse of the ap- 
propriate frequency, we selectively image K or Rb atoms 
in a particular spin state. 



III. FESHBACH MOLECULE PRODUCTION 
BY RF ASSOCIATION 

To create molecules, we utilize a Feshbach resonance 
between Rb |1, 1) and K |9/2, -9/2) atoms at B =546.76 
G [1811 . Similar to previous work using this resonance 
[25l ] . we start with atoms at a magnetic field near the 
Feshbach resonance and apply a transverse rf magnetic 
field to convert atom pairs to molecules. However, unlike 
the work of ref. (25j , in our experiment the atom pairs are 
not confined in an optical lattice. Therefore, the atoms 
are free to collide. 

In Fig. [T]we show a typical rf association spectrum for 
a magnetic field tuned 0.7 G below the Feshbach reso- 
nance. The Rb and K atoms are initially prepared in the 
|1,1) and 1 9/2 , — 7/2) states, respectively, and we apply 
an rf pulse with a frequency tuned near the atomic K Zee- 
man transition, [9/2, -7/2)-f|9/2, -9/2). For these data 
we apply a gaussian rf pulse with a 600 [is 1 /e 2 full- width 
and an rf strength that can drive a 12 fis 7r-pulse on the 
atomic K Zecman transition. The effect of the rf pulse is 
detected by counting the number of K atoms transferred 
to the previously unoccupied 1 9/2, —9/2) state. For this 
purpose, we use spin-state selective absorption imaging 
of the cloud in the optical trap at B = 546 G. We observe 
two peaks in the rf spectrum: one at the frequency of the 
atomic K Zecman transition and one shifted to higher 
frequency. The higher frequency peak corresponds to a 
stimulated transition from a pair of atoms into the Fesh- 
bach molecule state. The shift of this spectral feature 
from the atomic transition reveals the binding energy of 
the molecule. In comparing the widths of the two features 
it is important to note that the atom transition is power 
broadened by the rf pulse, which has a duration 50 times 
longer than the measured time for an atomic 7r-pulsc. 
The smaller width of the molecule feature indicates that 
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FIG. 1: Rf association spectrum of heteronuclear Feshbach 
molecules at B = 546.04 G. The molecules are created start- 
ing from an ultracold gas of 1.7 x 10 5 87 Rb atoms at T/T c = 1 
in thermal equilibrium with 8x 10 4 40 K atoms. The plot shows 
the detected atom/molecule number as a function of the de- 
tuning Av of the rf from the atomic resonance frequency. We 
observe a large atomic peak at zero detuning and a molec- 
ular peak at E/h = 161kHz due to the association of atom 
pairs into the Feshbach molecule state. In this measurement 
the rf pulse duration was 600 /is, which is 50 times longer 
than an atomic 7r-pulse. The grey band indicates the ex- 
pected envelope full width at half maximum for the power 
broadened atomic transition. The inset shows a simplified 
energy diagram for magnetic fields below the Feshbach res- 
onance. The upper solid line corresponds to Rb |1,1) and 
K 1 9/2 , —7/2), while the lower solid line corresponds to Rb 
|1,1) and K |9/2, — 9/2). The molecule state is represented 
by the dashed line. Depending on the detuning, the rf is ca- 
pable of driving an atomic hyperfine changing transition or 
magnetoassociation. 



the coupling strength is much weaker for molecule asso- 
ciation than for the atomic Zceman transition. The full 
width at half maximum of the molecule feature is 7 kHz. 
This is consistent with the thermal distribution of the 
relative energies for atom pairs. 

We are able to easily observe the molecular rf asso- 
ciation feature because the Feshbach molecules can ab- 
sorb the imaging light that is resonant with the K atom 
cycling transition at high magnetic field. Presumably, 
the first photon dissociates the weakly bound molecule 
and subsequent photons scatter off the resulting K atom. 
Compared to the case of homonuclear molecules, this di- 
rect imaging is possible for a larger range of Feshbach 
molecule binding energies. This is because the energy 
separation between the excited and ground electronic 
potentials varies relatively slowly with internuclear dis- 
tance, R, since the heteronuclear excited and ground elec- 
tronic potentials both vary as 1/R 6 . In contrast, for the 
homonuclear case, the excited electronic potential varies 
as 1/R 3 and the ground potential varies as 1/R 6 . 
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FIG. 2: Time dependence of the rf association process at 
B = 546.17 G, where the measured molecule binding energy 
is E/h = 96 kHz. The plot shows the measured number of 
molecules created as a function of the 1/e 2 gaussian rf pulse 
length. The solid line is a simple fit used to estimate the 
impact of the observed decay on the maximum number of 
molecules created. 



Because the atoms are free to move and collide in the 
trap, it is interesting to look at the time dependence of 
the rf association. The number of molecules observed as 
a function of the rf pulse duration is shown in Fig. [2j 
The gaussian 1/e 2 width of the pulse is plotted on the 
horizontal axis. For these data, the peak rf strength is 
fixed and only the duration of the rf pulse is changed. 
The number of molecules increases rapidly for the first 
few hundred microseconds and then slowly decays. We 
do not observe Rabi oscillations. This is not surprising 
since we are driving transitions from a near continuum 
of free atom states to the bound molecule state. The ob- 
served decay results from atom-molecule collisions [Ifij]. 
To estimate the effect of this decay on the maximum 
number of molecules created wc fit the data to the prod- 
uct of a linear growth and an exponential decay (curve 
in Fig. [2]). Wc find that the decays causes a 30% reduc- 
tion in the maximum number of molecules created at the 
peak of the curve in Fig. [2j Since the maximum molecule 
creation in Fig. [2] corresponds to approximately 10% of 
the total number of K atoms, this raises the question of 
what limits the maximum conversion fraction? 

Previous studies of molecule creation by slow 
magnetic-field sweeps across a Feshbach resonance have 
shown that the maximum conversion fraction depends on 
the phase space density of the atoms [23] . Not surpris- 
ingly, for a two-species atom gas mixture, the molecule 
conversion efficiency also depends on the spatial over- 
lap of the two atom clouds [ijj]. We have measured the 
molecule conversion fraction as a function of temperature 
for Feshbach molecules produced using rf association at 
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B=546.17G. For this measurement, the gas mixture was 
initially cooled to a temperature below the critical tem- 
perature, T c , for the onset of Bose-Einstein condensation 
of the Rb gas. The temperature is then varied simply by 
waiting a variable amount of time in a sufficiently deep 
trap and letting the gas slowly heat up before creating 
Feshbach molecules. With this technique, the number of 
Rb and K atoms is kept nearly constant. To create Fesh- 
bach molecules we use rf adiabatic rapid passage and 
sweep the rf frequency from 80.132MHz to 80.142 MHz 
in 2 ms. The results are shown in Fig. [3l 

We find that the maximum conversion fraction occurs 
at T/T c w 1. Here, 25% of the K atoms are converted 
to molecules; this corresponds to 25,000 molecules. It is 
interesting to compare the measured conversion fraction 
for rf association to the prediction of a phenomenological 
model introduced in ref. [13] ■ This model, using exper- 
imentally determined parameters, has been successful in 
predicting the molecule conversion efficiency for Feshbach 
molecules created by slow magnetic-field sweeps pjl [27| , 
but has not been compared to data for rf association. 
Following the procedure outlined in (27j we calculate the 
predicted maximum conversion efficiency using realistic 
trap potentials and distributions of our atomic clouds. 
The curves in Fig. [3] show the results of the calculation, 
multiplied by 0.70 to estimate the effect of the molecule 
loss seen in Fig. [2] The dashed curves represent the 
uncertainty in the conversion fraction due to the uncer- 
tainty in the trap frequencies and atom numbers. The 
agreement between the model for association by slow 
magnetic-field sweeps and the data for rf association is 
quite good. The predicted dependence on temperature 
agrees with our experimental results for rf association. 
The peak in the molecule conversion fraction as a func- 
tion of T/T c can be understood as a balance between 
two factors: phase-space density and the spatial overlap 
of the two clouds. As T/T c decreases, the phase-space 
density increases but, below T/T c = 1, the onset of Rb 
BEC reduces the spatial overlap of the Rb cloud with the 
K cloud. The effect of gravitational sag also reduces the 
spatial overlap of the two clouds and at T/T c = 1 the 
model predicts a 30% reduction in molecule conversion 
efficiency when compared to the case with no gravita- 
tional sag. 



IV. ULTRACOLD, TRAPPED MOLECULES 

A feature of using rf association to create heteronu- 
clear Feshbach molecules is that we can selectively image 
the Feshbach molecules using light resonant with the ap- 
propriate K atom spin-state. The upper part of Fig. [4] 
shows the radial root-mean-squared size, (Jems, of the 
molecular gas as a function of expansion time after the 
optical trap is abrup tly turned o f f. We fit the size to 
<7RMs(t) = (l/uJ r )^k B T/m, KRhv /l+uj^t 2 and obtain 
an expansion energy of T = 310 ± 20 nK. Here, T is the 
only fit parameter, kg, is Boltzmann's constant, mxRb 



o 

CO 



o 
'(/) 



0.3 



0.2 



CD 

£ 0.1 

o 
O 







' I 1 


| i 


i ■ i ■ i 


f 


N 




/ 


A. N 


■ 


/ i 






/ p 


/ -T\ 


N 


1 J 1 






/ / / 






1 / 1 

/ 






' ' / 1 




0*0 


/ ' 




#^ 


/ / 






^/ / 






/ 
















i.i.i 



0.5 1.0 1.5 2.0 2.5 
T/T c 

FIG. 3: Temperature dependence of Feshbach molecule cre- 
ation by rf association. Plotted is the molecule conversion 
fraction N^/Nk as a function of T/T c for the Rb atoms. 
The solid circles (•) are experimental data and the curves 
are results of a Monte Carlo calculation. The dashed curves 
represent the uncertainty in the conversion fraction taking 
into account the uncertainty in the trap frequencies and atom 
numbers. The molecules are created starting from an atom 
gas mixture with iV Rb = 3 x 10 s and N K - 1 X 10 5 . We 
observe maximum conversion efficiency of 25% at T/T c = 1. 



is the mass of the KRb molecule, and ui r is the radial 
angular trapping frequency for the molecule. 



To confirm that the KRb molecules are trapped, we 
can look for sloshing of the molecule cloud after a per- 
turbation to the trap potential. The lower part of Fig. 0] 
shows the position of the molecule cloud along a radial 
direction as a function of time after the optical trap was 
abruptly shut off for 1 ms and then turned back on. A fit 
to a damped sine wave (solid curve in the lower part of 
Fig. HI) gives a radial slosh frequency of 174 ± 3 Hz. To 
reduce collisional loss of the molecules, these data were 
taken after removing Rb atoms from the trap [26| . For 
comparison, using the same trapping fields, the measured 
frequencies for Rb and K atoms are 136±2 Hz and 211±4 
Hz, respectively. The trapping frequency of the far-off- 
resonance optical dipolc trap depends on the mass of the 
particle and its polarizability. Within the measurement 
uncertainties, the ratios of the Rb atom, K atom, and 
KRb Feshbach molecule trap frequencies are consistent 
with the weakly bound molecule having a mass equal to 
the sum of the atomic masses and a polarizability equal 
to the sum of the atomic polarizabilitics, which is a rea- 
sonable assumption for weakly bound molecules. 
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FIG. 4: (Top inset) Images of the molecule cloud after re- 
lease from the optical trap. (Top) Radial cloud size for the 
molecules after release from the optical trap. (Bottom) Slosh 
of the molecular cloud in the optical trap seen in images of the 
expanded gas. The expansion time was 3 ms. The observed 
oscillation in the molecule cloud's position demonstrates that 
the molecules are indeed trapped. The strong damping seen 
here is most likely due to anharmonicity of the optical trap. 



V. BINDING ENERGY OF THE FESHBACH 
MOLECULES 

Rf association spectra, such as the one shown in Fig. 
[TJ can be used to determine the binding energy of the 
molecules. We take the rf frequency at the peak of 
the molecule association feature and subtract the rf fre- 
quency of the atomic Zeeman transition as a measure of 
the binding energy. The measured binding energy can 
have a systematic shift because the initial atom pairs 
have a range of relative kinetic energies. We estimate 
that our measured binding energy could be systemati- 



cally high by 0.6k B T/h « 4 kHz [H, where h is Planck's 
constant. For binding energies larger than about 0.5 
MHz, the molecules are no longer resonant with the imag- 
ing light and we are no longer able to see the rf associ- 
ation feature by directly imaging the molecules. How- 
ever, we can still detect molecule creation by measuring 
the loss of K atoms from the |9/2,— 7/2) state. As the 
magnetic-field detuning from the Feshbach resonance in- 
creases, we also find that the maximum conversion frac- 
tion decreases, and a longer (as long as 20 s) rf pulse is 
required. 

Figure O shows the measured molecule binding energy 
as a function of the magnetic field. We plot the nega- 
tive of the molecule binding energy, —E/h, to indicate 
that the molecule is bound below the atomic Rb |1,1) 
+ K 9/2, — 9/2} threshold. We observe a quadratic de- 
pendence of the binding energy at magnetic fields near 
the resonance. However, far from the resonance, the 
binding energy becomes linear with magnetic field. The 
data in Fig. [5] are compared with two theoretical curves. 
The dashed curve shows the expected universal behav- 
ior very near the resonance (3ll . |32| . Here, the binding 
energy is given by E = Ti 2 / (2[iKRb(a — a) 2 ), where a is 
the s-wave scattering length, UKRb is the 40 K and 87 Rb 
reduced mass, and a = 68.8 ao is the mean scattering 
length determined by the long-range behavior of the po- 
tential, ao ~ 5.29177 x 10~ n m is the Bohr radius. Near 
a Feshbach resonance, the scattering length is given by 
a = ^ w I (B — Bo)) [H|,[34|], where a^g — — 185ao for 
this resonance [35[. We determine a width, w, by fitting 
the data from the inset of Fig. [5]using the universal bind- 
ing energy relationship and find w = — 3.6±0.1 G. To cal- 
culate the molecule binding energy farther from the res- 
onance, we perform a multiple-channel calculation. The 
calculated magnetic-field location of the Feshbach reso- 
nance does not exactly match with our data. We there- 
fore fit the experimental data using the coupled-channel 
calculation and one free parameter, which is the Fesh- 
bach resonance position, Bq. From this fit, we obtain 
Bq = 546.76 ± 0.05 G. We find excellent agreement be- 
tween the data and the coupled-channel calculation (solid 
line in Fig. [5]). 

To provide a larger view of the Feshbach molecule state 
that we probe in the experiment, we show the results of 
the coupled-channel calculation for a much wider range 
of magnetic fields in Fig. [6j A Feshbach resonance occurs 
because of coupling between an atom scattering state and 
an energetically closed bound state. The channels used 
in the calculation are those having a total spin projec- 
tion quantum number Mp = m^ b + mjr = — 7/2 and are 
therefore coupled to free atoms in the 1 9/2, —9/2) and 
|1, 1) states for K and Rb, respectively. For the s-wave 
Feshbach resonance at Bq = 546.76 G, the dominant 
closed channel contribution comes from the K |7/2, —7/2) 
+ Rb 1 1,0) channel with vibrational quantum number 
corresponding to the second level below the dissociation 
limit in this channel. 

We have seen that we can efficiently create heteronu- 
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FIG. 5: Energy of the heteronuclear Feshbach molecules, rela- 
tive to the Rb |1, 1) + K |9/2, -9/2) atomic threshold, plotted 
as a function of magnetic field. The data (solid circles) agree 
well with our calculation based on a full coupled-channel the- 
ory (solid line). Near the Feshbach resonance one expects a 
universal relationship between the s-wave scattering length 
and the binding energy. The black, dashed line shows the 
predicted binding energy using the universal prediction [3l| . 
Inset: Same as the main plot but looking at the region close 
to the Feshbach resonance. We fit the inset data to obtain a 
width of the resonance. 
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FIG. 6: Calculated molecule energies near the K |9/2, —9/2) 
+ Rb |1, 1) atomic threshold. All levels have total spin pro- 
jection quantum number Mf = —7/2. The level energies are 
calculated using a full coupled-channel calculation and have 
been scaled so that the zero in energy is the K 1 9/2 , —9/2) 
+ Rb |1, 1) atomic threshold. The bold line is the adiabatic 
level associated with the 546.7 G Feshbach resonance. 



clear Feshbach molecules starting from an ultracold gas 
of 40 K and 87 Rb atoms. This could provide a starting 
point for future experimental efforts aimed at creating 
polar molecules. Transfer of the Feshbach molecules to 
more deeply bound states could proceed using light or 
microwave fields. Therefore, it is useful to consider how 
basic properties of the Feshbach molecules, such as their 
typical size and their hypcrfinc character, depend on the 
magnetic-field detuning from the resonance. We can es- 
timate properties of the molecules from the measured 
binding energy curve shown in Fig. O 



VI. PROPERTIES OF THE FESHBACH 
MOLECULE 

The properties of the Feshbach molecule, including its 
size, are determined by both the open channel and the 
dominant closed channel. The bare states associated 
with these channels have different magnetic moments, 
and this is, of course, why the molecule's binding energy 
is magnetic-field tunable. The open and closed channel 
contributions to the actual dressed-state molecule can 
then be determined from the molecule's magnetic mo- 
ment relative to the open channel, which is simply the 
numerical derivative, 4g, of the measured binding energy 
shown in Fig. [5l Explicitly, we find the closed channel 
fraction, f c , from the following equation: f c = ^^§- 
Here, Afj, = 2.38 x /.i B is the difference of the atomic 
magnetic moments of the bare closed and open channels 
at a magnetic field near the Feshbach resonance and [is 
is the Bohr magneton. The closed channel fraction as a 
function of the magnetic field is shown in the inset of Fig. 
[7] For magnetic fields more than 2 G below the Feshbach 
resonance, we find that f c > 0.5 indicating that molecule 
is predominantly closed channel in character. 

We can also estimate the molecule size as a function of 
magnetic field, B. Near the resonance, where a is large, 
the molecule size is r mo / = a/2. However, far below 
the resonance, the molecule becomes dominated by the 
closed channel and the molecule size approaches that of 
the closed channel molecule. To capture this behavior, 
we use a simple estimate of the molecule size given by a 
weighted average of the closed and open channel sizes, r c 
and r n . 



ol = fcJc + (l - fc)l 



(1) 



r c and r Q are calculated using a single-channel model 
incorporating the correct long-range behavior of the in- 
teratomic potential. Figure [7] shows our estimate of the 
size, r mo i, as a function of magnetic field near the Fesh- 
bach resonance. 

To estimate r c and r , we numerically solve the 
Schrodinger equation. Since the loosely bound vibra- 
tional wavefunctions have large amplitudes at large in- 
ternuclear separation, it is important that a model inter- 
nuclear potential has the correct long-range form. The 
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FIG. 7: Estimated molecule size vs. magnetic field near 
the Feshbach resonance as extracted from the experimentally 
measured binding energy (•). We compare to the univer- 
sal size prediction, a/2 (dashed line). Inset: Closed channel 
fraction extracted from the experimentally measured binding 
energy (•)(see text). 



short-range details of the potential are not as critical and 
simply contribute to the overall phase of the wavefunc- 
tion. To simplify the calculation, we follow an approx- 
imation given by Gribakin and Flambaum (3l| and use 
a model internuclear potential that incorporates the cor- 
rect long-range behavior and has an impenetrable hard 
core with a radius Ro 



U(r) 



(C 6 
75" 



c 8 



r < R 
r > Rq. 




(2) 



0.1 1 
E/h (MHz) 



FIG. 8: The calculated open-channel molecular size, r , as a 
function of binding energy. The solid red line is the universal 
prediction, a/2. The dashed blue line is the classical outer 
turning point of the KRb ground state potential. 



use its wavefunction to calculate the closed-channel size, 
r c = (r) w 40 a . 

Using a similar procedure, we calculate the open- 
channel size, r Q , which depends on the magnetic field 
detuning from the Feshbach resonance. In this case, how- 
ever, we vary Ro to control the binding energy, E, of the 
weakest bound molecular state. For each E, we calculate 
the size, r D = (r), from the calculated molecular wave- 
function. For the smallest binding energies, the calcu- 
lated size agrees with the universal prediction. At larger 
binding energies the molecular size is approximately the 
classical turning point. Figure [5] shows the behavior of 

TV 



For Cq, Cjj, and C\o we use the values reported by 
Pashov et al. [36| • Ro controls the location of the bound 
states in the potential and the scattering length. Since 
this potential is a single-channel approximation to a mul- 
tichannel potential, the value of Ro is chosen to be large 
to avoid the significant divergence between the singlet 
and triplet potentials that occurs at small internuclear 
separation. However, R must be small enough so the 
potential has an adequate number of bound states. For 
Ro ~ 22 do both criteria are satisfied. 

Before calculating the size of the closed channel 
molecule, we first fine-tune Ro so that the calculated 
background scattering length agrees with the known 40 K 
87 Rb s-wave scattering length, aj, g = — 185 ao. We note 
that this procedure yields binding energies of the last 
three vibrational states that agree to within 7% with 
energies obtained using a much more accurate, multi- 
channel potential. The second-to-last vibrational state 
with binding energy _E_2 ~ h x 3.2 GHz is responsible 
for the B = 546.7 G Feshbach resonance. We, therefore, 



VII. CONCLUSIONS 

In conclusion, we have used rf association to create 
hctcronuclcar Feshbach molecules from an ultracold gas 
of 40 K and 87 Rb atoms confined in an optical dipole 
trap. Unlike previous work [25| . we do not isolate pairs 
of atoms in individual wells of a deep optical lattice po- 
tential. Consequently, the atoms and the molecules are 
free to collide and pairs of atoms are initially in a near- 
continuum of motional quantum states. Nevertheless, by 
optimizing the pulse duration and frequency of the rf, as 
well as the initial atom gas temperature, we achieve com- 
parable overall efficiency in converting atoms to weakly 
bound Feshbach molecules. We also demonstrate that 
these molecules are ultracold and trapped. 

A gas of ultracold, heteronuclear Feshbach molecules 
can provide a starting point for optical manipulation to 
create a sample of ultracold polar molecules. In an- 
ticipation of such experiments, we have measured the 
magnetic-field dependent binding energy of the Feshbach 
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molecules. We extend these measurements to magnetic 
fields much farther from resonance than what is typically 
of interest for ultracold atom experiments. We measure 
binding energies as large as 26 MHz and find that for 
magnetic fields more than 2 or 3 G detuned from reso- 
nance, the binding energy curve is linear. This means 
that by lowering the magnetic field to a few gauss be- 
low the resonance, one can have Feshbach molecules that 
are predominantly closed channel in character with the 
corresponding molecular size. 
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